The matrix (M) genes of Yamagata-1 strain subacute sclerosing panencephalitis virus passaged in African green monkey kidney cells and human neuroblastoma cells displayed strikingly nonrandom sequence divergence. The genes of both substrains shared a large number of uridine (U) to cytidine (C) transitions, but the latter contained numerous additional U to C changes in a localized region. Over 90% of the additional mutations were identical to the hypermutated nucleotides in the M gene found in a measles inclusion body encephalitis case. The nonrandom nature, the apparent host dependency, and the abrupt boundaries of these mutations suggest that these mutations might be caused by an extrinsic biased mutational activity rather than intrinsic polymerase errors. This mutational activity might account for the extraordinarily high C to U ratios in the non-protein-coding regions of both the M and fusion genes of wild-type measles virus.
Measles virus causes acute generalized infections as well as chronic central nervous system (CNS) infections. Chronic CNS infections by measles virus lead to a rare fatal degenerative disease called subacute sclerosing panencephalitis (SSPE) (13, 20) . Measles virus strains that cause CNS infections often display altered patterns of gene expression. The changes could affect transcription, translation, stability, antigenicity, or function of matrix (M) protein (1, 2, 6, 7, 9, 10, 19, 23) . In some cases, abnormalities in fusion (F) or hemagglutinin proteins have also been observed (2, 15) .
The changes in gene expression are a consequence of changes in the viral genomes (1, 7, 8, 9) . Initially, the genetic defects were thought to be due to random mutations. However, some SSPE virus strains isolated from different patients at diverse locations contained surprisingly similar mutations (1, 7) . Moreover, in a case of measles inclusion body encephalitis (MIBE) (case C), 80% of the mutations affecting the viral M gene turned out to be uridine (U) to cytidine (C) transitions (8) . This phenomenon, called biased hypermutation, could not be easily explained by random polymerase errors. Recently, a cellular activity which unwinds double-stranded RNA and irreversibly changes adenosine residues into inosine was found in a variety of eucaryotic cells (3, 22) . Bass et al. and Lamb and Dreyfuss (4, 14) proposed that a similar cellular activity might be responsible for the unusual U to C changes in measles viral RNA. This hypothesis could have significant implications for pathogenesis of viral CNS diseases as well as evolution of RNA viruses in general. It is, therefore, important to ascertain whether biased hypermutation is a general phenomenon or is restricted to one unusual MIBE case. Here, we describe the intriguing hypermutational patterns in the M genes of an SSPE virus strain that was passaged in human neuroblastoma cells versus African green monkey kidney cells.
Yamagata-1 virus strain was isolated by cocultivating the brain tissues of a diseased 12-year-old male SSPE patient with African green monkey kidney (Vero) cells (12) . The * Corresponding author.
virus initially replicated intracellularly and spread from cell to cell by inducing syncytia. One stock of this virus, called Yamagata-Vero, was propagated by simply feeding the original virus-infected Vero cells (a kind gift from M. Homma, Kobe University School of Medicine, Japan) with fresh Vero cells. The M gene (YM-V) was cloned by use of an Mspecific oligonucleotide to prime synthesis of cDNA from poly(A)+ RNA purified from the non-virus-producing Vero cells, using a recently described procedure (1) . Another stock of this virus isolate, called Yamagata-IMR, was obtained by cocultivating the Yamagata-1 virus-infected Vero cells with human embryonic lung cells. Low levels of extracellular virus were produced and were used to infect IMR-32 human neuroblastoma cells (21) . After five passages, the infected IMR-32 cells produced about 2 x 102 PFU of extracellular virus per ml. This latter virus stock was in turn used to infect Vero cells to prepare poly(A)+ RNA for cDNA cloning of the M gene (YM-I) by the procedure of Okayama and Berg (16) .
The YM-V and YM-I M genes were sequenced by the dideoxynucleotide-induced chain termination method (18) and were both found to be inundated with mutations, including one that destroyed the translational start codon at nucleotide (nt) 33 (Fig. 1) . The YM-V sequence differed at 69 positions from the M gene of Edmonston strain measles virus and a consensus M sequence compiled from measles virus strains that cause acute infections (5, 8, 11, 25) (Fig. 1) . Thirty six of these differences (52.2%) were U to C transitions that were distributed throughout the M sequence ( Fig.  1 ; Table 1 ). The frequencies of U to C transitions, therefore, far exceeded those of other types of nucleotide changes ( Table 1) . Most of the U to C changes (94%) in YM-V were also found in YM-I ( Fig. 1, arrowheads; Fig. 2A , open and crosshatched columns). In addition to these common mutations, YM-I contained 38 additional U to C changes that were not found in YM-V. Remarkably, all these additional changes occurred within a 409-nt stretch between nts 94 and 502 (Fig. 1, rectangles residues that were hypermutated in the same manner in the M gene as in case C MIBE reported by Cattaneo et al. (8) ( Fig. 1, rectangles; Fig. 2B , hatched columns; and Fig. 2C ).
Only three of the additional U to C transitions in YM-I (7.9%) affected U residues that were not hypermutated in case C, even though the latter represented one-fourth of the total potential target U residues in that region (Fig. 1,  circles) .
The simplest interpretation of these data is that the generalized and localized U to C mutations in YM-I might have been generated by different mutational events. The former type of mutations could have been acquired during the protracted course of CNS infection. On the other hand, the pronounced localization and the abrupt boundaries of the U to C changes that are found only in YM-I but not YM-V suggest that these mutations might not have accumulated gradually, but rather in a single event. To test whether the original Yamagata-1 virus stock contained a mixture of YM-V and YM-I sequences, we examined three independent sibling cDNA clones of YM-V by restriction enzyme mapping and limited sequencing analysis. No restriction enzyme polymorphism or extensive sequence divergence was observed among the sibling clones of YM-V. For example, all the clones contained a KpnI recognition sequence (GGTA CC) between nucleotides 470 and 475, which distinguished YM-V from both YM-I and the Edmonston M sequences (Fig. 1) . By contrast, the 5' regions of four sibling clones of YM-I displayed significant restriction enzyme polymorphism indicative of the presence of at least two distinct populations of M sequences. These results are consistent with the hypothesis that the additional U to C changes in YM-I might have been generated after the two virus substrains were propagated in cultured cells. If so, hypermutational events might take place not only in the CNS but also in cultured cells. However, the present results do not rule out the possibility that the Yamagata-IMR substrain might be a preexisting variant virus that was selected in vitro.
The fact that Yamagata-IMR virus stock could produce low levels of extracellular virus despite the apparent absence of a functional M gene was surprising. It is possible that a partially functional M protein might be translated from a downstrean AUG codon. However, the next two in-frame AUG codons in both YM-V and YM-I were at nts 183 and 189, and both of these were in unfavorable contexts for translational initiation (Fig. 1) As shown by the comparison between YM-I and case C, certain nucleotides might be preferentially targeted for hypermutation. Indeed, a number of U to C changes were shared among YM-V, YM-I, and case C (Fig. 1, arrowheads) . This mutational pattern is difficult to explain by intrinsic errors in the viral RNA polymerase activity. At least in principle, biased hypermutation could be caused by an extrinsic mutational activity such as a cellular RNAunwinding-modifying activity (4, 14) . However, the previously described cellular RNA-unwinding-modifying activity requires a double-stranded RNA substrate (3, 22) . The normally encapsidated RNA genome of a negative strand RNA virus might not be an appropriate substrate for this activity (24) . Also, since RNA-unwinding-modifying activities have been found in a variety of host cells (22) , one needs to account for the relatively high degree of conservation among measles virus strains that cause acute infections, including recent street isolates and strains that have been passaged for years in different laboratories (5, 8, 11, 25) . One possible explanation for the latter dilemma is that hypermutated sequences affecting a crucial gene function might be eliminated by natural selection in an acute infection. Perhaps these mutations only persist in a nonessential gene when the virus replicates in a nonproductive mode, such as in a chronic CNS infection. If this is the case, it might be more likely to find remnants of hypermutated sequences in the non-protein-coding regions of the measles virus genes. We therefore compared the C to U ratios in the protein-coding and the long noncoding regions in the M and F genes of Edmonston strain measles virus (5, 17, 25) .
The protein-coding region of the measles virus M gene contained approximately equal numbers of the four nucleotides, with a C/U ratio of 1.04 (Table 2) . By contrast, its long 3'-noncoding region contained over five times more C than U (C/U = 5.35) ( Table 2) . A similarly skewed distribution of C and U residues was observed in the F gene. In that case, the C/U ratio for the protein-coding region was 0.96, whereas the noncoding region contained over seven times more C than U (C/U = 7.53) ( Table 2 ). In fact, the overall base compositions of the protein-coding and noncoding regions of the M and F genes were strikingly similar, differing by less than 2.2% for each base (Table 2 ). These unusual base compositions might reflect a tolerance for hypermutational changes in the non-protein-coding sequences of measles virus. Consistent with this hypothesis, the hypermutated region in the virus in case C MIBE extended from the M gene into the long 5'-noncoding region of the neighboring F gene (8) .
Taken together, the present observations suggest that biased hypermutation might be a general phenomenon in measles virus infections. The unusual patterns of these mutations and the possible host dependency lend credence to the hypothesis that an extrinsic RNA mutational activity might alter measles virus RNA and gene expression in CNS infections. We have not observed any obvious consensus sequence around the hypermutated nucleotides which might explain why certain residues are more often affected. The finding of this type of mutation in a virus passaged in neuroblastoma cells opens possibilities for detailed studies of this interesting phenomenon with an in vitro system.
